Inhibiting myostatin (mstn) causes spectacular increase in muscle mass, spurring research for therapeutic approaches against neuromuscular disorders. Yet, possible functional deterioration and compromised force production have been reported in isolated muscle of null mstn(À/À) mice. We analyzed vascular and metabolic response to repeated electro-stimulated exercise in vivo in mstn À/À mice compared with FVB wild-type controls (WT), using interleaved multiparametric functional nuclear magnetic resonance (NMR) imaging and spectroscopy. At steady-state exercise, specific force of plantar flexion, phosphocreatine consumption measured by phosphorus spectroscopy and maximum perfusion measured by arterial spin-labeled (ASL) NMR imaging were identical in both groups. After exercise, phosphorus spectroscopy revealed reduced oxidative mitochondrial capacity in mstn À/À , whereas early recovery perfusion was identical and oxygen extraction, estimated from the blood oxygen leveldependent (BOLD) contrast, was decreased when compared with WT. Hyperemia was prolonged, indicating specific regulation of the perfusional response in mstn À/À mice. Histology showed an increased proportion of type IIb fibers in hypertrophied muscles, but the distribution of capillary contacts per fiber between oxidative and glycolytic fibers was unaltered in mstn À/À compared with WT. These integrated results formed coherent evidence of a congruous, non-pathologic shift toward a more glycolytic metabolism in this model of mstn
Introduction
Since myostatin (mstn) was identified and characterized in a mouse model in 1997, 1 this member of the transforming growth factor-b family has been extensively documented as an endogenous negative regulator of skeletal muscle growth in several species, such as cattle, 2,3 sheep 4 and dog. 5 Recently, a gene deletion has been reported in a human child. 6 All of these natural mutation cases share the so-called 'double muscling' phenotype, a spectacular increase in muscle mass, which has spurred research to analyze myostatin molecular pathways and associated proteins as potential targets for therapeutic approaches against neuromuscular disorders. 7, 8 Over the last decade, several strategies have been developed to inhibit myostatin downregulation of muscle growth, using either follistatin gene delivery 9, 10 or myostatin propeptide. 11 In mouse models of muscle disease, such as the mdx model, [12] [13] [14] mstn blockade showed promising results with an improvement in functional phenotype. Its success was more moderate in a-sarcoglycanopathy 15 or dy mice. 16 In a recent phase I/II clinical trial, 17 in which the primary aim was safety evaluation, there was no evidence of structural or functional benefit in humans.
To date, much attention has been paid to the size and contractile properties of mstn À/À muscles, mostly studied in vitro on isolated fibers or muscles. In mouse models, depending on the mutation and also on the muscle group, an increase in muscle fiber number 18 (hyperplasia), size (hypertrophy) 19 or both 1 has been observed, with an overall increase in the cross-sectional area (CSA) ranging from 40 20 to 60%. 19, 21 A change in fiber phenotype, with a switch toward type II fibers, has also been reported to accompany the gain in muscle mass. 20, 22, 23 On a functional standpoint, however, initial expectations seem not to be totally fulfilled. Although many reports put forward an increase in absolute muscle strength, several studies have revealed either no difference, 20, 21 or even an impairment 22 of specific force generation in mice when related to CSA. Moreover, 'double-muscled' cattle and mice proved to come rapidly to exhaustion, 24, 25 which was coherent with the switch toward fast glycolytic fiber type. Nonetheless, a mere increase in absolute force would already be of great benefit for patients suffering from neuromuscular disorders, such as Duchenne's dystrophy. 13 Adequate oxygen supply, uptake and utilization are essential for normal muscle activity and performance. For this reason, capillary proliferation must accompany normal skeletal muscle growth to maintain capillary density level and hence oxygen availability to the cell. Capillarization can be affected by fiber size and depends on fiber type. 26 As a consequence, when therapeutic approaches aim at increasing muscle fiber size or number, a precise assessment of muscle perfusion is of primary importance. Indeed, hypertrophy could result in capillary rarefaction, as in hypertensive cardiomyopathy. One study has tackled the question of the vascular adaptation to these muscle morphological changes. 27 In that study, the researchers suggested that the predominant glycolytic metabolism in myostatin-deficient mice could result from the reduced capillary density. However, other factors intervene in functional adaptation of muscle to exercise, such as blood flow and blood oxygenation level, which must be taken into account.
Nuclear magnetic resonance imaging (NMRI) and spectroscopy (NMRS) have the capacity to non-invasively and dynamically assess a number of key variables depicting muscle function, in vivo, in the intact animal. NMRI, combined with arterial spin labeling (ASL) techniques, 28, 29 has been adapted to provide quantitative, non-invasive and high temporal and spatial resolution measurements of the capillary perfusion that are validated in human muscle against pletysmography. 30 In addition, ASL-NMRI can be sensitized to blood oxygenation level-dependent (BOLD) contrast, providing a semiquantitative estimate of capillary oxygenation in muscle. Phosphorus ( 31 P) NMRS has served to analyze exercise metabolism and mitochondrial oxidative capacities in humans and rodents. 31, 32 Indeed, during recovery from aerobic exercise, oxidative phosphorylation dominates phosphocreatine (PCr) re-synthesis. Therefore, precise determination of PCr post-exercise kinetics may provide an index of the maximal mitochondrial oxidative capacities and may shed light on the control mechanisms of mitochondrial adenosine diphosphate (ATP) synthesis. The combined analysis of these variables provides a unique opportunity to explore in vivo the relationships between oxygen supply by blood and the mitochondrial production of ATP. The relevance of such an approach is strengthened when data can be acquired simultaneously during a single multi-parametric functional (mpf) protocol. [33] [34] [35] In this study, we provide an integrated and noninvasive assessment of mstn À/À muscle function in vivo. We used an original set-up and protocol specifically designed for mouse mpf-NMR experiments based on the accumulation of 31 P signal through successive exerciserecovery episodes. 35 Leg muscle force, perfusion, BOLD contrast and mitochondrial oxidative capacities were measured simultaneously at electrostimulated exercise and recovery in mstn À/À and wild-type (WT) mice. Results were confronted with histological analysis of fiber type distribution and capillary density. In this way we analyzed whether the increase in muscle mass observed in our mstn À/À model was accompanied with a harmonious adaptation of perfusion and metabolism, and also showed the utility of non-invasive functional NMR of muscle as a complementary tool for the investigation of such preclinical transgenic mouse model.
Results
Force generated with electrical stimulation matched the increase in the leg cross-sectional area (CSA) in mstn À/À animals As compared with WT mice (n ¼ 10), our mstn À/À model (n ¼ 11) showed an increase of 26% in the whole-leg CSA (Table 1 and Figure 1a ), as measured from the NMR axial images. This study was not designed to characterize muscle contractile properties. However, the force transducer provided a non-invasive measurement of the force developed by the muscles of the leg subjected to electrical stimulation (ES). In ES protocols, the force-time integral is used as an estimate of the work output. 31 During the priming ES bout, the force-time integral, expressed as such or normalized to CSA, was higher in mstn À/À than in controls (absolute force-time integral: +59% on average; Po0.0001 and specific force-time integral: +28% on average, P ¼ 0.018). But, during the subsequent bouts, force-time integrals were very similar in the two groups (Table 2 and Figure 1b ).
Basal high-energy phosphates and pH assessed using 31 Lower mitochondrial oxidative phosphorylation rate in mstn À/À identified using 31 P-NMR spectroscopy
On average, PCr depletion levels at the end of the ES protocol used in this study were identical in both groups (WT: 58 ± 13%; mstn À/À : 58 ± 15%), as were the levels of work output. A mild exercise-induced acidosis developed in both groups (Table 2) , with the pH being significantly lower in mstn À/À at the end of exercise as compared with WT (Po0.017). However, pH values remained close to neutrality. From the sum of the 10 last consecutive exercise bouts, we estimated tPCr for each animal. Assuming identical levels of ATP concentration Arterial spin labeling-NMR imaging provided a noninvasive and quantitative evaluation of muscle perfusion at rest, averaged over 4 min of acquisition (Table 1) . During and after ES exercise ( Figure 2 ), temporal resolution was 10 s. In the two groups, time courses of perfusion were identical during exercise and reached the same plateau at the end of the 2-min ES period. However, perfusion time courses significantly diverged at recovery (Po0.0001). The hyperperfusion plateau was significantly prolonged in mstn À/À (142 ± 12 s in WT vs 216±81 s in mstn À/À ; P ¼ 0.0008) ( Table 2 ). This resulted in a significant delay in the half normalization time of perfusion (261±74 s in WT vs 388±70 s in mstn
). As a consequence, a greater amount of blood was delivered to the leg of mstn À/À as indicated by the post-exercise perfusion-time integral (233 ± 62 ml min À1 100 g À1 in WT vs 406 ± 118 ml min
; P ¼ 0.0002). In both groups, perfusion resumed resting values within the measurement time window of 10 min (Table 1) . It can also be noted that the averaged end-recovery perfusion value was significantly higher in mstn À/À (7 ± 4 ml min À1 100 g À1 in WT vs 16±10 ml min À1 100 g À1 in mstn
; Po0.001), as was rest perfusion (6 ± 4 ml min À1 100 g À1 vs 11 ± 5 ml min À1 100 g
Lesser capillary deoxygenation at exercise and recovery in mstn
The BOLD contrast was normalized to the end of recovery value and was used as an index of capillary oxygen level changes. Positive changes reflect an increase in capillary blood oxygen content whereas negative changes indicate opposite changes. The time courses of normalized BOLD were significantly different (Po0.0001) and the mstn À/À showed an overall delay in the kinetics of recovery. BOLD contrast first increased at the start of exercise in both groups, which might relate to rapid adaptation of blood supply to exercising muscle and delayed onset of mitochondrial activation. However, although BOLD signal intensity started to decrease after 35 s into the bout as a likely result from increased oxygen Table 1 ).
Myostatin-null muscle function assessed in vivo by NMR imaging and spectroscopy Reduced succinate dehydrogenase (SDH) activity in mstn À/À Staining for succinate dehydrogenase (SDH) activity was performed on cryosections from gastrocnemius muscles specimens. A decrease in the relative fraction of oxidative (type I) and oxidative-glycolytic (type IIa) fibers was measured (34±5% of muscle area in WT vs 22 ± 7% in mstn À/À ; P ¼ 0.02). A change in fiber distribution was also observed, as illustrated in Figure 3 . Although oxidative type I and IIa fibers were grouped in homogenous SDH-positive areas in deeper regions in WT, they appeared more scattered and interspaced with type IIb fibers in mstn À/À . Similar observations were made after DPNH staining (not shown).
Muscle mass and myofiber size
For both SDH-positive and SDH-negatives fibers, we evaluated the mean fiber CSA (Figure 4a ) and found no difference between WT and mstn À/À mice. On the other hand, we found a 37.8% increase in gastrocnemius muscle mass (WT 127±9 mg vs mstn À/À 163.56±12 mg; P ¼ 0.0001) and a 58% increase in muscle CSA (13.4±1.4 mm 2 in WT vs 21.2±6.1 mm 2 in mstn À/À ; P ¼ 0.044), which consequently must be attributed predominantly to hyperplasia and not to hypertrophy. This was in good agreement with previous findings in the tibialis anterior in the same mstn À/À mouse model. 36 Capillary density in mstn
Endothelial cells were stained using CD34 antibodies, coupled to peroxydase and revealed using diaminobenzidine treatment. On histological samples, capillary contacts per fiber were counted for small (type I and IIa) and large (type IIb) fibers. As expected, contacts per fiber was slightly higher for type I and IIa oxidative fibers as compared with the large glycolytic fibers ( Figure 4b ) and this distribution was not different in mstn
Discussion
In this study, we evaluated skeletal muscle hemodynamics and energetics of mstn À/À mice in vivo with multi-parametric functional NMR. To analyze whether the relationships between perfusion, oxygenation and energy metabolism were altered in mstn À/À mice as compared with WT littermates, both groups were subjected to a series of exercise-recovery bouts and underwent simultaneous measurement of perfusion, BOLD and energetics using mpf-NMR while ES force development was evaluated in parallel. NMR evidenced different patterns of perfusion, BOLD and PCr recovery from exercise between the groups.
Using force-time integral as an analog of work output, normalized to the whole-leg CSA, we found no difference between the groups. The different reports on contractile properties of mstn À/À muscles found in literature clearly indicate heterogeneity among different muscle groups. In extensor digitorum longus muscles, two different studies 21, 22 found a decrease in the maximum isometric tetanic force normalized to muscle CSA, whereas force was reported to increase proportionally to muscle CSA in soleus and temporalis muscle. 21, 23 These precise measurements of specific force were obtained invasively. In this study, to preserve muscle integrity, stimulation electrodes were placed subcutaneously and a global stimulation of the posterior compartment of the lower leg was performed. Contributions from flexor muscles to the total measured force Myostatin-null muscle function assessed in vivo by NMR imaging and spectroscopy C Baligand et al output cannot be excluded. However, extensor calf muscles being B5-fold larger than flexor ones, the ES protocol systematically resulted in plantar flexion in both groups, indicating that possible alteration of their relative contributions would have only a minor effect. Comparison between groups remained relevant as all animals underwent the same procedure. Importantly, the energetic load, estimated from the end-exercise PCr depletion, was identical in the two groups.
Multi-parametric functional-NMR provided a consistent set of functional data, which were further reinforced by histological analysis. First, perfusion levels were identical in both groups, in response to exercise bouts of comparable mechanical and metabolic intensities. Several factors describe perfusion pattern during exercise. The maximal perfusion value would obviously be limited by a severe reduction in the number of capillaries available for recruitment. In this study the histological findings suggested that capillary contacts per fiber were not different in the mstn À/À mice. Nonetheless, this was associated with an increase in the percentage of type IIb fibers in this group as compared with the WT group. Thus, in this model of constitutive mstn inhibition, a moderate alteration of the capillary density, expressed as per fiber area, seems likely. But even then, ASL measurements showed that it had no effect on muscle hemodynamics in vivo. This indicates that arteriolar tone regulation and capillary recruitment adaptations ensured normal perfusion responses in mstn À/À mice, at least in the experimental conditions tested in this study.
Moreover, post-exercise hyperperfusion systematically lasted longer in the mstn À/À group, pointing toward different vasodilatation regulatory mechanisms operating beyond and superseding structural microcirculatory changes in these mice. In conditions such as hypertension and diabetes, the time-unlimited sampling of perfusion offered by ASL has evidenced blunted reactive hyperemic responses, in duration as well as in amplitude. 37, 38 It was hypothesized that the inability of vascular beds to maintain vasodilatation may contribute to the increased sensitivity to ischemic insults of target organs in these diseases. 39, 40 In this study we observed the opposite condition, the significance of which remains to be determined. At this stage, such a feature could be considered as being essentially beneficial, possibly facilitating the handling of increased energetic demands placed on skeletal muscle.
Skeletal muscle perfusion at rest and at the end of exercise recovery was found to be consistently higher in the hypertrophied muscles of mstn À/À mice, again indicating altered-potentially improved-regulation of microcirculation. Numerous physical, neural, neurohumoral, humoral and metabolic agents have been identified as regulating skeletal muscle blood flow. 41 Determining the precise role of each in specific conditions in vivo would require multiple experiments with specific agonists and antagonists, the effects of which might be hindered by counterregulations implying one or several of the many control mechanisms. 42 Interestingly, prolonged post-exercise hyperemia was observed in force-trained athletes when compared with Myostatin-null muscle function assessed in vivo by NMR imaging and spectroscopy C Baligand et al endurance-trained athletes, with the same ASL perfusion methodology. 43 Notably, evidence of a shift in fiber typology toward the glycolytic ones was documented in this group of sprinters, with long-lasting hyperperfusion patterns.
The second important finding of this study is the significant increase in tPCr in mstn À/À , revealing a reduced maximum mitochondrial production of ATP in hypertrophied muscles. There was no indication of differing resting PCr concentrations, the fully relaxed [PCr]/[ATP] ratios being identical in the two groups. Therefore, the 25% decrease in Cr rephosphorylation rate in mstn À/À reflected a 25% reduction in maximum mitochondrial ATP production. Because PCr depletion was strictly identical in hypertrophied and normal muscles at the end of exercise, the same ratio also yielded the actual relative difference in ATP production between groups. Although the end-of-exercise pH was significantly lower in mstn
, values remained close to neutrality in both groups (no more than 0.04 pH unit of difference on average), in a range in which acidosis is not sufficient to reduce the rate of PCr recovery, 44, 45 and therefore the increased tPCr in mstn À/À cannot be explained by the differences in end-exercise pH. Nonetheless, the slight acidosis that developed only in the mstn À/À muscles was an indication of a progressive mismatch between glycolytic and mitochondrial activities in that group during ES contractions.
Isolated from other NMR measurements, PCr recovery kinetics would only have identified the lower ATP production but could not have given any indication of its origin. It could indifferently have resulted from defective oxygen and substrate supply or been the consequence of decreased or abnormal mitochondrial oxidative phosphorylation.
Combining perfusion, BOLD and tPCr mpf-NMR results provided an integrative view of muscle response to ES exercise. Not only was exercise-induced hyperemia of the same magnitude in both groups, but it was prolonged in mstn À/À . Meanwhile, BOLD signal, normalized to end-recovery, indicated that the microcirculatory blood oxygenation was never lower in mstn À/À than in WT mice throughout the entire protocol. Considering that perfusion was indeed normal, this suggested that oxygen extraction was decreased in mstn À/À , most likely owing to a lower mitochondrial activity and excluded the hypothesis that oxygen supply might limit energy metabolism efficacy in the present model.
The mitochondrial oxidative phosphorylation measured by 31 P-NMR spectroscopy was averaged over the entire muscle volume. The changes detected may reflect either a global decrease in individual fiber mitochondrial activity, which would then be viewed as a pathological event, or a shift in fiber distribution toward predominance of glycolytic ones, which would be considered as a variant of normality. Although NMR cannot distinguish between the two possibilities, the SDH histo-enzymological data clearly designated the existence of an increased proportion of glycolytic fibers in the hypertrophied muscles. Our finding of an altered fiber type distribution in mstn À/À gastronemius muscle, as characterized by the increase from 66% up to 78% of type IIb fibers, agreed with previous literature reports studying the mixed extensor digitorum longus muscle. 23 In conclusion, the increase in muscle mass observed in this model of constitutive knockout for myostatin was associated with a rather harmonious development of the capillary network. This was accompanied by an upregulation of the microcirculatory control mechanisms, which ensured adequate cell supply in oxygen and substrates during activation, as showed by the combined ASL and BOLD measurements. The observed change in energy metabolism detected by 31 P-NMR spectroscopy was compatible with a shift in typology toward more glycolytic fibers, which was confirmed by the histological data. There was no demonstration of intrinsic abnormalities in the mitochondrial oxidative phosphorylation, this being further substantiated by the ability of these muscles to generate and maintain normal force levels during repeated exercise bouts. To summarize, there was no functional or metabolic sign of pathological hypertrophy in this mstn À/À model. It was possible to draw these conclusions essentially because of the multi-parametric NMR approach applied in this study to characterize function of mstn À/À mice non-invasively and in vivo. Although the functional consequences of the constitutive knockout seemed to be benign, to say the least, this should not be generalized to other models. There are many different ways to interfere with the myostatin control of trophicity, not only with constitutive knockout but also by selective or nonselective administration or production of follistatin, or by pharmacological interventions, and this is in different species and at different ages. 8, 46 There is little doubt that a wide range of functional outcomes, including deleterious ones, may result from these different approaches. The complementary message that this work conveys is the unique possibility offered by mpf-NMR to characterize non-invasively and dynamically the functional and metabolic consequences of skeletal muscle genome manipulation in animal models. As the same methodology had been established for human analyzations before animal studies, it is also available for the functional evaluation of gene therapy in clinical research protocols.
Materials and methods
The study was conducted in accordance with the directives of the French institutional animal care and use committee. All in vivo experiments were conducted inside a 4T magnet (Magnex, Abington, UK) equipped with a 20-cm diameter 200 mT m À1 gradient insert (rise time: 260 ms; Bruker BioSpin MRI GmbH, Ettlingen, Germany). The spectrometer was interfaced with a Bruker Biospec console, using Paravision 3.0.2 software.
Animals
Multi-parametric functional-NMR measurements were acquired in the leg of male myostatin knockout FVB mice 19 (mstn
, 10-week old, n ¼ 11, averaged body weight of 28.4 ± 3.5 g) during and after an ES protocol (see section below). Of these, five were killed after in vivo measurements and used for immunohistochemistry analysis as described below. Male wild-type FVB mice served as controls (WT, 10-week old, n ¼ 10, averaged body weight of 30.1±1.4 g). Mice were anesthetized with 4% isoflurane (Forene, Abbott, Rungis, France) delivered
l min
À1 air for induction and maintained with 1.75% isoflurane. A water heating pad ensured a constant temperature of 37 1C during experiments.
Electrical stimulation (ES) protocol
Muscle tetanic contractions were induced using subcutaneous silver electrodes placed at lower leg extremities (popliteal fossa and internal side of the ankle) and connected to an electrostimulator (Compex II, Compex SA, Annecy, France). The stimulation protocol was designed to produce a 2-min exercise with a moderate metabolic stress and an almost 50% depletion of PCr. 35 Intermittent stimulation trains of 0.5 s at every 2.5 s were applied with a bipolar pulse width of 120 ms, a 50-Hz frequency and a constant supra-maximal intensity of 2 mA.
Multi-parametric functional-NMR acquisitions (detailed below) were performed during an initial period of 10 min of rest, followed by 2 min of electrical stimulation (exercise) and a 10-min recovery period. Exercise and recovery were repeated 12 times. Total acquisition time was of approximately 2.5 h.
Strength measurements
Force was measured inside the magnet on a custom-built non-magnetic mouse ergometer equipped with a force transducer. Signal was registered at a 20-kHz sampling rate and processed using a custom-developed computer program (Visual Engineering Environment, HewlettPackard, Palo Alto, CA, USA). Results were directly converted from voltage to force (mN) according to the calibration coefficient of the transducer measured beforehand. The work output was expressed either as the absolute force-time integral (mN s
À1
) or the specific force-time integral when normalized to CSA of the leg (mN s À1 mm
À2
).
Multi-parametric functional-nuclear magnetic resonance (Mpf-NMR) in vivo experiments
Coils were specifically designed for mouse applications. Animals were placed supine in a volume transmitter coil with a 6-cm inner diameter and a 12-cm length for whole-body tagging of blood. A 2-cm diameter surface coil was used for reception. Both were custom built to maximize signal-to-noise ratio (SNR) and B 1 field homogeneity and designed with active decoupling circuits.
Perfusion imaging. Arterial spin labeling techniques are based on an NMR preparation of arterial water spins that serve as endogenous markers of blood perfusion. As a consequence, ASL-NMRI is totally non-invasive and can be repeated at a high rate, with blood and tissue spin-lattice relaxation as the only time constraint. In this study we used the variant SATIR, developed and described in detail elsewhere, for humans 30 as well as for rats 37 and mice applications. 47 ASL images were acquired after positive (M + ) or negative (M À ) labeling alternately, with a repetition time of 10 s (Figure 5a ). An evolution time of 1 s was applied between the tag module and the rapid acquisition relaxation-enhanced imaging (inter-echo time: 2.9 ms, rapid acquisition relaxation-enhanced factor: 32, matrix size: 128 Â 32, field of view: 5 Â 2 cm and slice thickness: 2 mm). The interpolation of M + and M À 34,48 minimized the effect of possible T2 fluctuations and led to a final temporal resolution of 10 s. Perfusion f was then calculated from the normalized difference between consecutive images according to the equation:
where T ev is the evolution time, r 1 is the longitudinal relaxation rate for muscle, M + and M À are the signals of Myostatin-null muscle function assessed in vivo by NMR imaging and spectroscopy C Baligand et al positive or negative perfusion images and l is the bloodtissue partition coefficient.
Blood oxygen level-dependent (BOLD) contrast. The BOLD contrast could be extracted from the same series of ASL SE-images acquired for perfusion quantitation. SE-BOLD images were obtained by averaging consecutive pairs of SATIR images as previously described, 34, 49 which canceled out the perfusional term, principally revealing T2 weighting:
31 P-nuclear magnetic resonance (NMR) spectroscopy
Metabolites of the leg were probed by a 31 P saddleshaped coil with a 10 mm inner diameter and a 10 mm length, centered on the calf of the mouse. Localized shimming of the water signal yielded typical PCr line widths of 15 Hz on the unfiltered 31 P spectra. Spectra were acquired at the Ernst angle for PCr at a repetition time (TR 31P ) of 2.5 s (Figure 5b ; 100 ms broad pulse, spectral width 12 kHz and 4000 complex data points).
Interleaved acquisitions. Perfusion NMRI and 31 P-NMRS acquisitions were interleaved using the dedicated Bruker MultiScanControl tool (Bruker BioSpin MRI GmbH) as described elsewhere. 50 The 10-s recovery period of the 1 H-NMR perfusion sequence was used to acquire four separate, successive free induction decays at the 31 P frequency. Overall, a single exam generated two separate data sets: (1) a series of perfusion-weighted images with a time resolution of 10 s and (2) a series of steady-state 31 P free induction decays acquired every 2.5 s. Trigger signals were included to synchronize the electrical stimulator (Figure 5c ).
Establishment of a steady state in the response to exercise. Steady state in terms of end-of-exercise pH was reached after two priming exercises as also described elsewhere for humans and rats. 51, 52 Moreover, as was previously established for WT mice, 35 mstn À/À mice also reached a steady state in response to exercise for all measured variables (force-time integral, perfusion-time integral, end-exercise relative BOLD signal and end-exercise pH as evidenced by statistical analysis (repeated measures analysis of variance and Bonferroni's comparison of mean, data not shown)). Consequently, the time points of the last 10 consecutive exercises could legitimately be summed to improve the SNR of 31 P-spectroscopy and thus yield a single time course for measurement of energetics in each animal.
Multi-parametric functional-nuclear magnetic resonance (Mpf-NMR) data analysis 1 H and 31 P data were processed with the standard Paravision 3.0.2 and XWIN-NMR software provided by the manufacturer, using customized automations for handling of time series.
For perfusion image processing, the regions of interest were defined in the posterior compartment of the leg in gastrocnemius medialis and lateralis. Perfusion and BOLD signal were calculated from the mean signal in the regions of interest, according to Equations 1 and 2, respectively. Large vessels were carefully avoided. BOLD signal was normalized to the end of recovery value.
For each exercise-recovery period, a total of 288 spectra were acquired. Spectra acquired during the last 25 s of exercise were summed to enable the measurement of the chemical shift d Pi between PCr and Pi, and the endof-exercise pH (pH end ) was calculated according to the equation: 53 pH ¼ 6.75+log((3.27Àd Pi )/(d Pi À5.69)). To improve SNR, an inter-exercise gated summation of the free induction decays obtained for each animal was carried out for exercise bouts 3 to 12. Zero-filling (8 kHz), 8 Hz line broadening exponential multiplication, Fourier transform and manual zero-and first-order phase correction and baseline correction were performed on the high SNR sum of all data, and were stored and automatically carried over to each time-resolved 31 P-NMRS free induction decay. Phosphorus NMR spectra were then quantified by area integration of phosphorus metabolites. Limits for PCr integration were set to 1/À1 p.p.m. PCr recovery was fitted by a mono-exponential function with a least mean-squared algorithm. Individual time constants for recovery are expressed as tPCr. Because of the high temporal resolution of 2.5 s and the improved SNR, we could measure tPCr of each individual animal with an average coefficient of variation of 21±3%, defined as: CV ¼ (asymptotic standard error)/tPCr.
Collection of animal samples
Ten-week-old KO myostatin and WT mice were killed by decapitation and gastrocnemius muscles were dissected, weighed and a transversal slice of 0.5 cm thickness was made in the middle belly of each muscle. Samples were used either for oxidative enzyme activity or capillary density evaluation.
For the mitochondrial enzyme SDH and DPNH staining, slices were embedded in Tissue Tek (Sakura, Zoeterwoude, The Netherlands), frozen in precooled isopentane and stored at -80 1C until processing and analysis.
For the evaluation of capillary density, slices were fixed with buffered formol for 24 h and embedded in paraffin.
Histology and histochemistry analysis
Succinate dehydrogenase and DPNH staining was performed as previously described 54 on serial cryosections (10 mm thick) mounted onto glass slides (Superfrost Plus, Menzel-Glaser, Braunschweig, Germany). For the immunohistochemical identification of capillaries, serial sections (5 mm thick) were cut and mounted onto glass slides. Heat-mediated antigen retrieval was performed in 0.1 mol l À1 pH 6.0 citrate in a water bath for 30 min. Immunostaining was performed on a Dako autostainer using a peroxidase-labeled polymer-based detection system (Envision plus, Dako, France S.A.S., Trappes, France) and diaminobenzidine as a chromogen. Anti-CD34 antibodies against endothelial cells were used and incubated for 25 min at room temperature. Slides were then counter-stained with hematoxylin.
Microscopic analysis
Muscle cryosections stained for SDH were analyzed using a microscope (Zeiss, Gö ttingen, Germany) coupled to an image analyzer system (Axionvision, Zeiss, Myostatin-null muscle function assessed in vivo by NMR imaging and spectroscopy C Baligand et al
